In New England, seasonal forest ponds provide primary breeding habitat for several amphibian species, including Rana sylvatica (LeConte) and Ambystoma maculatum (Shaw). Because each species requires a minimum duration of inundation to complete its breeding cycle, one of the most important factors determining habitat suitability is a pond's hydroperiod. The objective of this research was to develop a method for estimating pond hydroperiod from site characteristics such as pond morphology, geology, chemistry, and vegetation structure, and to use the estimates to assess the suitability of individual ponds for breeding amphibians. We monitored the duration of surface inundation in 65 ponds in the Pawcatuck River Canopy cover, open basin depth, and specific conductance of surface water were among the most useful site characteristics for estimating hydroperiod, while surficial geology and the texture of soil parent material made smaller contributions. The CCR using open basin depth alone was 95.4 and 73.8%, respectively. These findings indicate that it is possible to estimate the hydroperiod of seasonal ponds -and to assess their suitability for individual species of breeding amphibians -without prolonged periods of hydrologic monitoring. Such techniques could have considerable value to wetland regulatory agencies and for planning amphibian habitat management and acquisition at the landscape scale.
Introduction
In New England, seasonal forest ponds provide primary breeding habitat for several amphibian species (Klemens 1993; DeGraaf and Yamasaki 2001) , as well as obligate invertebrates (Brooks 2000) . Seasonal ponds, also known as vernal pools (Fellman 1998) , are small, depressional wetlands that contain surface water for part of the year, but are dry for some period of time in most years. Typically, these ponds fill during the winter and spring months and dry in the summer or early fall (Kenney and Burne 2000) . The duration of surface inundation, or hydroperiod, may vary from a few weeks to more than a year, thus spanning four water regimes described by Cowardin et al. (1979) : temporarily flooded, seasonally flooded, semipermanently flooded, and intermittently exposed. The periodic drying of these wetlands ensures the absence of predatory fish, which would otherwise decimate amphibian egg masses and larvae (Semlitsch 1987; Kats et al. 1988) .
In Rhode Island, adult Rana sylvatica (Le Conte, wood frogs) and Ambystoma maculatum (Shaw, spotted salamanders) typically migrate to breeding ponds between late February and midApril (Paton and Crouch 2002) . Adults mate, deposit egg masses, and emigrate from the ponds to surrounding upland forests, where they spend most of the year (Klemens 1993; Kenney and Burne 2000; DeGraaf and Yamasaki 2001) . Although amphibians exhibit some plasticity in the rate of larval development (Wilbur 1984; Rowe and Dunson 1995) , each species requires a minimum hydroperiod to complete development and accomplish metamorphosis to the terrestrial juvenile stage. Therefore, hydroperiod is one of the most important factors determining habitat suitability for a given amphibian species (Rowe and Dunson 1993; Snodgrass et al. 2000a, b; Paton and Crouch 2002) . In Rhode Island, R. sylvatica generally requires surface inundation until late June for 50% emigration of juveniles and mid-July for 95% emigration, while A. maculatum requires surface water until mid-August for 50% emigration and late September for 95% emigration (Paton and Crouch 2002) . Pond hydroperiod also has been linked to amphibian species richness and productivity (Pechmann et al. 1989; Snodgrass et al. 2000a; Paton and Egan 2001; Egan and Paton 2004) , as well as invertebrate species richness (Brooks 2000) .
Most New England seasonal ponds are less than 0.1 ha in size (Stone 1992; Brooks et al. 1998; Egan 2001; Calhoun et al. 2003) . Federal, state, and local protection of these small, isolated wetlands is often weak or lacking (Murphy and Golet 1998; Kirkman et al. 1999; Semlitsch 2000b; Calhoun et al. 2003) . Before protection measures are applied, regulatory and resource management agencies need to be able to identify those ponds that provide suitable amphibian breeding habitat. As noted, pond hydroperiod is a key determinant. Unfortunately, historical hydroperiod data are rarely available for individual ponds, and hydroperiod estimation typically requires regular monitoring over the course of several months to years (Snodgrass et al. 2000a, b) . Creation of hydroperiod estimation models based on data gathered during a single visit could greatly facilitate habitat suitability assessments at individual ponds (Brooks and Hayashi 2002) . To our knowledge, such models have not been previously explored (Kirkman et al. 1999) .
Site characteristics that might serve as indicators of hydroperiod range widely. Researchers in New England (e.g., Windmiller 1996) have suggested a positive relationship between pond size and hydroperiod, but research conducted elsewhere in the United States has shown the correlation to be weak (Snodgrass et al. 2000a) or nonexistent (Shaffer et al. 1999; Babbitt and Tanner 2000) . In central Massachusetts, Brooks and Hayashi (2002) found that pond area, depth, and volume individually explained less than one-third of the variation in hydroperiod (r ranged from 0.45 to 0.58).
The hydroperiod of a wetland is a function of its hydrologic inputs and outputs over the course of the year (Novitzki 1989; Carter 1997; Epstein 1997) . A pond's geologic setting heavily influences its inputs and outputs (Motts and O'Brien 1981; Brown et al. 1988; Carter 1997) . For this reason, surficial geology might be an especially promising indicator of pond hydroperiod. To date, however, no one has examined the relationship between pond hydroperiod and surficial geology in the glaciated Northeast.
The effect of forest cover, or its removal, on regional groundwater tables has been well documented (Bosch and Hewlett 1982; Peck and Williamson 1987; Sandstro¨m 1998) ; thus the basal area or canopy cover of trees growing in or near a seasonal pond may serve as a possible indicator of water loss via transpiration. Extensive canopy cover has been associated with shorter hydroperiods in some seasonal pond studies (Bosch and Hewlett 1982; Skelly et al. 2002) . On the other hand, shade produced by trees may reduce pool evaporation and prolong inundation.
Soil composition in wetlands is affected by and, in turn, may itself influence the hydrology of a wetland. The thickness of organic-rich horizons in the soils of seasonal ponds may be a useful indicator of long-term inundation and soil saturation because prolonged wetness inhibits peat decomposition (Gosselink and Turner 1978) . Conversely, the low hydraulic conductivities of some organic deposits may prolong pond hydroperiod by inhibiting infiltration and perching water on the surface (Boelter 1974; Gosselink and Turner 1978; Hammer 1997) .
Water chemistry may offer further insights into seasonal pond hydrology. Specific conductance, which reflects dissolved mineral content, is often higher in groundwater-fed wetlands than perched, surface water-fed wetlands (Stewart and Kantrud 1971; Schalles 1989) ; the same holds for pH (Bay 1967; Gay 1996) . Measures of these parameters might provide an index of the relative influence of groundwater on a pond's hydroperiod.
The goals of this research were (1) to characterize the hydroperiods of seasonal forest ponds varying in size and geologic setting within the Pawcatuck River watershed of southern Rhode Island, (2) to identify other features of the ponds that may be strongly related to hydroperiod, (3) to develop a model for hydroperiod estimation based on one or more pond features, and (4) to use the results of that model to assess the hydrologic suitability of potential breeding sites for R. sylvatica and A. maculatum.
Methods

Study area
The study area encompassed approximately 51,000 ha of the Pawcatuck River watershed in southern Rhode Island, USA (71°45¢ W, 41°27¢ N; Figure 1 ). As of 1995, 57% of the study area was covered by upland forest, 16% was wetland, 15% had been developed for residential or commercial purposes, and agricultural land covered 8% of the study area (data from the Rhode Island Geographic Information System [RIGIS]: August et al. 1995) .
The Pawcatuck watershed is located just north of the southern limit of the Laurentide ice sheet during the Wisconsin glaciation, and is marked by an abundance of glacial kettles and other shallow depressions (Flint 1971) ; many contain seasonal wetlands. A number of seasonal ponds have also formed in excavated basins.
The surficial geology of the area consists of 45% loose till, 26% glacial fluvial deposits, 14% dense till, 8% organic (peat) deposits, and 1% alluvium; manmade surfaces and water bodies make up the remainder (August et al. 1995 ; Table 1 ). A photo-interpretation survey conducted by the Rhode Island Chapter of The Nature Conservancy, using 1995 1:12,000-scale, conventional, panchromatic, aerial photographs, identified 1039 potential seasonal ponds within the study area, with a mean density of 2.04 ponds/km 2 (our calculations using RIGIS data).
Study site selection
We selected individual study ponds from an ArcInfoÒ GIS coverage of the potential seasonal ponds. This coverage was created by digitizing the ponds using ArcViewÒ 3.2 software (ESRI 1999) and RIGIS 1995 digital orthophotography as a planimetric base. We overlaid the seasonal pond coverage on a surficial geology coverage developed by Rosenblatt (2000) from the Rhode Island Soil Survey (Rector 1981) , and then classified each pond as occurring on loose till, dense till, glacial fluvial deposits, or alluvium. Ponds occurring on organic deposits (i.e., major wetland complexes) were excluded. Nearly 65% of the seasonal ponds identified in the watershed were smaller than 0.1 ha. Glacial fluvial material supported the highest percentage of ponds (43.3%), while alluvium supported the lowest (4.4%); 19.6% of the ponds were on loose till and 17.5% were on dense till (Table 1) . Pond density ranged from 8 ponds/ km 2 on alluvium to 1 pond/km 2 on loose till. We limited the target dataset to ponds that were not continuously linked to permanent open water bodies, which might contain fish, and to ponds that had at least a minimum area of adjacent forest that could provide terrestrial habitat for the pondbreeding amphibians of interest (Semlitsch and Bodie 2002) . Using RIGIS land use/land cover spatial datasets (August et al. 1995) , along with an AML script in ArcInfo (ESRI 1997), we identified those ponds that (1) were not contiguous with perennial streams or lakes, (2) were <0.8 ha in size and therefore not likely to have permanent surface water, (3) were bordered by upland forest along at least 50% of their perimeter, and (4) had at least 50% upland forest cover within 300 m of the pond edge. Four hundred seventy-one ponds met all of these criteria (Table 1) .
After inspecting the size distribution of these remaining ponds, we divided them into four size categories (<0.02, 0.02-0.049, 0.05-0.124, and 0.125-0.8 ha) and created a matrix consisting of the four size categories and the four surficial geologic types. We sampled ponds randomly from each cell in succession and contacted landowners for permission to access the sites. The process was repeated until a sample of 65 ponds with access was obtained (Table 1 and Figure 1 ).
Field data collection
We defined hydroperiod as the number of weeks of continuous surface inundation beginning on or after 1 March of each year and ending on or before 31 December; 1 March is the approximate start of the breeding season for R. sylvatica and A. maculatum in southern Rhode Island in most years (Paton and Crouch 2002) . Every 2 weeks, we measured the distance between a fixed reference point located outside of a pond and the edge of standing water along a fixed compass bearing. We also noted the date when standing water was no longer present. Once a pond dried, monitoring ceased. Ponds still inundated as of 31 December were given a hydroperiod of 44 weeks. The presence or absence of R. sylvatica and A. maculatum egg masses was assessed at least twice between the second week of March and the last week of April at 62 ponds in 2001 and at 65 ponds in 2002.
During the fall of 2001, we used a Topcon AT-G6 autolevel and height rod to determine the elevation of surface water on each of the measurement dates relative to the deepest point in the pond. We used these data to construct graphs depicting basin elevational profiles and water levels throughout the year, and we obtained maximum pond depths by subtracting the elevation of the lowest point in the pond basin from the elevation of the highest standing water level on or after 1 March of each year. Because maximum pond depth often fluctuates markedly among years and this study spanned only 2 years, we created another variable, termed 'open basin depth,' for each pond by subtracting the elevation of the lowest point in the basin from the average elevation at the pondward limit of tree stems on the three vegetation sampling transects described below. The absence of trees pondward of this point was inferred to be due to annual hydroperiods that, on average, exceeded the tolerance level of the trees. Thus, open basin depth had the potential to be a meaningful indicator of pond hydroperiod over the long term.
Initially, we assessed pond area using ArcInfo 3.5.1 GIS software (ESRI 1997) and the GIS ponds coverage as described above. Field observations indicated that size estimates using this technique often were inaccurate, particularly for ponds smaller than 0.05 ha. For that reason, we recalculated pond areas through a combination of field measurements and GIS techniques. First we obtained measurements of the distances between eight standard points on three vegetation sampling transects at each pond (the ends of each transect and the intersections between transects). An initial transect was established along the long axis of the pond or along a north-south bearing in circular ponds and extended from high-water mark to highwater mark. High-water marks were located using indicators such as watermarks on trees or the pondward limit of common upland plants such as the clubmoss, Lycopodium obscurum (L.), or the sedge, Carex pensylvanica (Lam.). Two additional transects were established at right angles to the first, one-third and two-thirds of the way along its length. We used the locations of the eight points along these transects to interpolate an ArcInfo polygon coverage from which we could then obtain area measurements. Detailed field measurements of several small ponds confirmed that area estimates derived in this manner were more accurate than area calculations from the original GIS coverage.
The surficial geology classification of each pond, based on GIS overlay techniques described above, was field-checked by soil augering at each site. We reclassified several ponds as a result of mapping errors or inclusions that were too small for the soil survey (Rector 1981) to depict.
We determined the thickness of O (organic) and A (surface mineral) horizons (Soil Survey Division Staff 1993) by augering to the C (parent material) horizon, or to a maximum depth of 225 cm, at the deepest point in each pond. The texture of the A and C horizons was estimated at the same locations and placed in one of four categories based on medium sand content (Soil Survey Division Staff 1993): (1) silts and silt loams with <30% medium sand, (2) fine sandy loams with 30-50%, (3) sandy loams or fine sands with 51-70%, or (4) loamy sands or sands with >70%.
Three water samples were collected from each pond on 4 June 2002, 4 days following the most recent rainfall event (0.89 cm) and 17 days following the last rainfall event greater than 2.54 cm. Samples were taken at least 2 m from the pond edge and at least 30 cm below the pond surface. They were stored in a refrigerator and allowed to return to room temperature before chemical analysis. Analyses were done within 2 days of sampling. We measured specific conductance (lS/cm) using an Oakton WD-35607-30 conductivity meter and pH using an Accumet AR 20 pH/ conductivity meter. The three values from each pond were averaged. Sample ponds were selected in a stratified random fashion from 471 ponds meeting specified criteria.
Using a GRS densitometer, we assessed the canopy cover of woody plants at least 3 m in height. Presence or absence of overhead foliage was noted at 1-m intervals along each vegetation transect, and values were converted to a percentage of the pond as a whole. We estimated the basal area (m 2 /ha) of live trees ( ‡7.6 cm in diameter at breast height) both within and near the ponds as a possible indicator of water loss via transpiration (Bosch and Hewlett 1982) . We calculated basal area from diameter measurements of all trees located within 3 m of vegetation transects. The basal area of trees rooted outside of, but immediately adjacent to, the ponds was determined in the same manner in a 6-m · 15-m plot at each end of each transect. We determined sampling intensity by plotting basal area against total sample area at several ponds of differing size. The standard error of the mean basal area rarely exceeded 10% of the mean after four plots had been averaged; site values were based on six plots.
Data analysis
Differences in mean hydroperiod and other pond characteristics among ponds occurring on the four surficial geologic types were compared using oneway ANOVA or Kruskal-Wallis tests when assumptions of normality and homogeneity of variance were rejected. Tukey tests were employed for pairwise comparisons. We used the Student's t-test to assess differences in the means of independent variables and hydroperiod between years.
Spearman rank correlation analysis was used to examine relationships among independent and dependent variables. We used Akaike's Information Criterion, adjusted for small samples (AIC c ), to compare several possible multivariate regression models for estimating mean hydroperiod at each pond. The models compared were based on a priori hypotheses and the strength of Spearman rank correlations between individual independent variables and mean hydroperiod. Following Anderson et al. (2000) , AIC c values were rescaled to provide an estimate (D i ) of the plausibility that a given model was the optimal one, and Akaike weights (w i ) were used to calculate the probability that a given model minimized the amount of information that was lost.
We chose 11 independent variables to include in the potential regression models based upon (1) ecological relevance, (2) ease of field measurement, and (3) low collinearity (Spearman rank correlation coefficient r s < 0.50). Eight continuous variables were included: open basin depth, % canopy cover, basal area of exterior trees, basal area of interior trees, specific conductance, pH, thickness of organic horizons, and parent material (C horizon) texture. The four surficial geology types were represented in the analyses by three dummy-coded variables (Zar 1999) . A univariate regression model based on the open-basin depth variable alone also was created for comparison with the final multivariate model.
We used a Kolmogorov-Smirnov goodness of fit test to confirm that the residuals of the final models were normally distributed and that transformation of independent variables was unnecessary, and we examined the first and second moments to determine whether the models had been correctly specified and whether there was any evidence of heteroscedasticity. We used Moran's I analyses, performed using GS+ (Gamma Design Software 2002), to determine that the independent variables in this model were not spatially autocorrelated at most distances, and the few cases of autocorrelation by some variables at specific distances were considered minor because the residuals of the final model were not spatially correlated.
We compared observed hydroperiods with those estimated by the multivariate and univariate models for each pond and determined in what percentage of the cases the models correctly classified a pond as suitable or unsuitable breeding habitat for R. sylvatica and A. maculatum. For R. sylvatica, a pond was considered suitable if the hydroperiod was at least 17 weeks in length, based on the time needed for 50% emigration of metamorphs (Paton and Crouch 2002) . For A. maculatum, the value was 24 weeks, based on the same criterion. We used Chi-square tests to determine whether model performance was better than chance alone. Differences between suitable and unsuitable ponds in the means of independent variables were examined using Kruskal-Wallis tests.
All statistical analyses were performed using SPSS 8.0.0 software (SPSS, Inc. 1997) and SAS 8.0e software (SAS Institute, Inc. 2000) . Unless otherwise noted, all descriptive statistics include mean ± SD, and we accepted statistical significance at p £ 0.05. 
Results
Pond hydroperiods
Over the 2 years of this study, hydroperiods varied widely among the 65 ponds (Table 2 and Figure 2 ), and annual means differed by nearly 10 weeks (t 64 = 9.51, p < 0.0001). In the wetter 2001, the mean hydroperiod was 30.2 weeks; the median value was 29 weeks. In 2001, 20 (31%) of the ponds dried before September, while 13 (20%) of the ponds held water through December. Hydroperiods for the ponds that dried ranged from 19 to 41 weeks, but >50% held water for 25-29 weeks or longer ( Figure 2 ). The mean hydroperiod of ponds that dried in 2001 was 27.8 ± 7.1 weeks; the median value was 27 weeks.
In the drier 2002, the mean hydroperiod was 20.7 weeks; the median value was 22 weeks. Sixtytwo ponds (95%) dried before September, and only three ponds (5%) 
Potential hydroperiod indicators
Pond size and depth Ponds ranged in maximum size from 0.004 to 0.61 ha; the mean maximum size was 0.11 ha (Table 2) Canopy cover and basal area Canopy cover ranged from <20% in two ponds to 100% in 15 ponds, with a mean of 68.1% (Table 2) (Table 2) . More than 70% of the ponds had readings below 60 lS/cm. Pond pH ranged from 4.44 to 6.17, with a mean of 5.29 (Table 2) . Specific conductance was correlated with mean hydroperiod (r s = 0.27, p < 0.05), but pH was not.
Soil characteristics
The combined thickness of the O horizons at the deepest point in the ponds also varied widely. The mean for the 65 ponds was 33.92 cm (Table 2) . Values ranged from 0 cm (n = 4) to at least 225 cm (n = 1), the limit of our measurements (Table 2) ; 75% of the ponds had <40 cm of organic material. Thickness of O horizons was weakly correlated with mean hydroperiod (r s = 0.26, p < 0.05). The most common texture categories encountered in the A horizons of the ponds were silt-silt loam (45%) and sandy loamfine sand (42%). The majority of parent material textures were loamy sand-sand (58%), with sandy loam-fine sands accounting for 34%. Coarseness of A horizon texture was positively correlated with mean hydroperiod (r s = 0.25, p < 0.05), while texture of parent material was unrelated.
Surficial geology
The 65 study sites included 23 ponds on glacial fluvial material, 23 on loose till, 13 on alluvium, and 6 on dense till (Table 1) . Ponds occurring on dissimilar surficial geologic types differed in several respects. Ponds on glacial fluvial deposits averaged 0.19 ± 0.16 ha in size and were statistically larger than those occurring on alluvium (" x = 0.06 ± 0.04 ha), dense till (" x = 0.03 ± 0.02 ha), or loose till deposits (" x = 0.09 ± 0.13 ha; X 3 2 = 14.7, p < 0.01). Glacial fluvial ponds also had lower canopy cover (" x = 53.49 ± 24.60%) than ponds on alluvium (" x = 79.77 ± 25.56%) or dense till (" x = 86.11 ± 22.15%; X 3 2 = 13.28, p < 0.01); had greater open basin depths than those on alluvium (" x = 1.24 ± 0.91 vs. 0.56 ± 0.26 m; X 3 2 = 10.72, p = 0.01); and had lower tree basal area within the pond than those on alluvium (" x = 6.38 ± 4.35 vs. 15.35 ± 11.48 m 2 /ha; F 3,61 = 3.48, p = 0.02). Alluvial ponds had a higher specific conductance (" x = 112.23 ± 109.75 lS/cm) than glacial fluvial (" x = 40.25 ± 17.81 lS/cm) or loose till ponds (" x = 51.45 ± 22.08 lS/cm; X 3 2 = 14.74, p = 0.01). The parent material texture at glacial fluvial (median score = 4; range 1-4) and alluvial sites (median = 4; range 3-4) was coarser than that at loose till sites (median = 3; range 1-4; X 3 2 = 14.06, p = 0.01). Ponds from different surficial geologic settings did not differ in pH, thickness of organic horizons, basal area of trees outside the pond, total basal area, average maximum water depth, or hydroperiod in either year. While not statistically significant, there was a tendency toward lower maximum water depth (X 3 2 = 7.54, p = 0.06) and shorter 2-year mean hydroperiod (X 3 2 = 7.44, p = 0.06) in alluvial ponds.
Hydroperiod estimation models
Akaike's Information Criterion was used to select from among nine possible multivariate models composed of combinations of the 11 independent variables entered into the analysis (Table 3) . This statistic identified a 'best' model composed of six independent variables that accounted for 59% of the variability in mean hydroperiod among the 65 ponds (F 6,58 = 13.85, p < 0.0001). Based on Akaike weights (w i ), the best model performed more than twice as well as the next best model, and over 100 times better than the third best (full) model. Within the best model, specific conductance and canopy cover, with standardized regression coefficients >0.40, contributed the most to the explanation of variation in pond hydroperiod. Higher values of specific conductance were associated with long hydroperiods, and high canopy cover was associated with short hydroperiods (Table 4) . Open basin depth, with a standardized regression coefficient of 0.33, had the next greatest effect. Surficial geology and texture of parent material made smaller contributions. Residuals of the best model were normally distributed (KolmogorovSmirnov D = 0.08, p = 0.15), and examination of the first and second moments indicated that the model had been correctly specified (X 24 2 = 34.79, p = 0.07) and that the assumption of homoscedasticity was not violated.
Estimated pond hydroperiods, based on the best model, differed from the observed 2-year mean hydroperiods by 0.1-12.0 weeks, with an average difference of 3.3 ± 2.8 weeks. Sixty-eight percent of estimated hydroperiods were within 4 weeks of observed values, and 94% were within 8 weeks. Estimated hydroperiods exceeded observed mean hydroperiods 49% of the time and were lower 51% of the time.
Overall, the best multivariate model correctly predicted whether a given pond's hydroperiod was long enough to support successful amphibian breeding, as defined by mean hydroperiod over 2 years, 95.4% of the time for R. sylvatica and 75.4% of the time for A. maculatum (Table 5) . Both results were significantly greater than chance alone (X 2 = 53.6, p < 0.001 and X 2 = 16.8, p < 0.001, respectively).
A univariate regression model employing only the independent variable 'open basin depth' (HPMN weeks = 20.31 + 0.49[DPOB m ]) explained only 29% of the variability in mean hydroperiod among the 65 ponds (F 1,63 = 25.61, p < 0.0001), but correctly classified the hydroperiod suitability of ponds 95.4% of the time for R. sylvatica (X 2 = 53.6, p < 0.001) and 73.8% of the time for A. maculatum (X 2 = 16.8, p < 0.001), using the same assessment criteria as used for the multivariate model.
On average, ponds with mean hydroperiods that were long enough to provide suitable breeding habitat for A. maculatum were 0.09 ha larger, had 22% lower canopy cover, and had open basin depths >0.5 m deeper than ponds with mean hydroperiods that were too short for successful A. maculatum breeding (Table 6 ). Tree basal area tended to be lower inside ponds that had a mean hydroperiod long enough for successful R. sylvatica breeding than in ponds with too short a hydroperiod, but the difference was not significant at p < 0.05.
Hydroperiod suitability and breeding activity
Using data from Paton and Crouch (2002) , we defined suitable hydroperiod as one that would allow 50% of the metamorphs of a given species to successfully emigrate from their natal pond. All ponds had hydroperiods of sufficient duration in at least 1 year to permit 50% R. sylvatica metamorph emigration, and 83% contained R. sylvatica egg masses in at least 1 year. A. maculatum breeding was detected at 73% of the ponds that had hydroperiods sufficient for 50% metamorph emigration in at least 1 year. Hydroperiod suitability for A. maculatum varied greatly between years. The percentage of sites capable of 50% A. maculatum metamorph emigration dropped from 75% in 2001 to 26% in 2002. In 2002, salamander egg masses were detected at 24 of 48 sites that dried before juveniles would have been ready to leave the ponds, and R. sylvatica egg masses were detected at 9 of the 12 sites that were deemed unsuitable for breeding based on the hydroperiod in that year.
Discussion
Indicators of pond hydroperiod
The weak positive correlation between pond size and hydroperiod was consistent with the findings of others, both in the Northeast (Brooks and Hayashi 2002) and elsewhere in the country (Snodgrass et al. 2000a) . Clearly, pond size alone cannot be used to adequately characterize seasonal pond hydrology for management purposes (Calhoun et al. 2003) . Small ponds (<0.05 ha) often had complete canopy cover, and as pond size increased, canopy cover declined. The strength of the relationship between canopy cover and mean hydroperiod (r s = À 0.39) was comparable to that between pond size and hydroperiod (r s = 0.34); we chose canopy cover for inclusion in our multivariate regression models in order to capture the possible effects of both pond size and evaporation. Skelly et al. (1999) also found that canopy cover and hydroperiod were negatively related and that, in individual ponds, these variables changed in tandem over a period of 25 years. We found significant differences in both pond size and canopy cover between ponds that were, and ponds that were not, suitable for A. maculatum breeding, but there were no such differences for R. sylvatica (Table 6 ). The latter result was most likely due to the small number of ponds that were unsuitable for R. sylvatica and high variability among the ponds that were suitable. A moderately strong correlation between pond depth and hydroperiod was found both in this study and in central Massachusetts (Brooks and Hayashi 2002) . Mean basin depth pondward of the perimeter tree zone (i.e., open basin depth) and maximum water depth averaged over 2 years were strongly correlated, and they had nearly identical relationships with mean hydroperiod. The especially strong relationship between open basin depth and mean hydroperiod in glacial fluvial ponds is not surprising given the low landscape position of these ponds, where basin depth is most likely to dictate the length of time that the pond intersects the local unconfined aquifer (Motts and O'Brien 1981) . Open basin depth appears to be one of the most promising hydroperiod indicators in that geologic setting, as opposed to floodplains or till landscapes, where surface water inputs are more likely to predominate (Winter et al. 1998) .
The pondward edge of the perimeter tree zone should be a reliable indicator of a pond's longterm high-water level because most trees are highly sensitive to prolonged soil inundation (Green 1947; Broadfoot and Williston 1973) . Of 39 deciduous tree species studied in Tennessee (Hall and Smith 1955) , none were able to survive if the root crown was covered with water for >50% of the growing season over an 8-year period. Red maple (Acer rubrum [L.]), the most common tree at our study sites, can only withstand such prolonged flooding for a single growing season (Teskey and Hinckley 1978) . Open basin depth can be used as an indicator of average maximum water depth and hydroperiod, whether surface water is present or not.
Basal area of trees within and surrounding the ponds was not related to hydroperiod. It is uncertain whether these results suggest that transpiration has a minimal effect on pond hydroperiod or that basal area is not a sensitive measure of transpiration losses. There was a tendency toward higher basal area within ponds that were unsuitable for R. sylvatica breeding (i.e., ponds with a 2-year mean hydroperiod <17 weeks), but the difference was not significant at 0.05 (Table 6) .
Although pH was not a useful predictor of hydroperiod, specific conductance was weakly correlated with hydroperiod and was one of the more important factors explaining variation in mean hydroperiod in the multivariate model (Table 4 ). The fact that specific conductance levels were higher in alluvial ponds than in glacial fluvial or loose till ponds appears to contradict studies that have identified groundwater as the chief source of dissolved minerals (Bay 1967; Schalles 1989; Gay 1996) , as the alluvial ponds appeared to be fed principally by overbank flow from their associated streams. However, most of our alluvial ponds were located near the floodplain edge and at the base of a major upland slope, where groundwater inflow is highly likely (Novitzki 1989) . Regardless of the ultimate source of the dissolved solids, the ease of assessing conductivity enhances its utility in such prediction models, as long as surface water is present. The sites used in this study were relatively isolated, forest ponds that were unlikely to receive significant runoff from roads, farmland, or sewage disposal systems. Care should be taken in applying this model, and especially the specific conductance variable, to ponds in urban or agricultural landscapes, where polluted runoff could confound the relationship between water chemistry and pond hydroperiod. It should also be noted that water chemistry was sampled on a single date for each pond in this study and that the concentration of dissolved solids may change over time due to changing precipitation and evapotranspiration rates (Schalles 1989) . Future development of multivariate models such as that presented above would therefore benefit from extended sampling over the course of the year.
The texture of the underlying soil parent material in the ponds was not significantly correlated with mean hydroperiod, but this variable did contribute to the multivariate regression model (Table 4) . Two other soil factors -thickness of organic horizons and the coarseness of the A horizon texture -were weakly related to mean hydroperiod but were not included in the best multivariate model. Coarser textured parent materials were associated with longer hydroperiods, suggesting that groundwater inputs may have increased flooding duration. Although the relationship was in the expected direction, the weakness of the connection between O horizon thickness and hydroperiod was unexpected. These results may indicate that O horizon thickness is less influenced by length of annual surface inundation than by the duration of soil saturation near the ground surface. In addition, ponds that were created by excavation typically had poorly developed O horizons due to their relatively young age.
Differences in mean hydroperiod among ponds located on different surficial geologic types were nearly significant (p = 0.06). Two dummy variables indicating whether the pond occurred on alluvium or dense till deposits contributed in a small, but statistically significant, way to the best multivariate regression model for estimating hydroperiod (Table 4) . Hydroperiod was negatively associated with pond occurrence on alluvium and positively associated with occurrence on dense till.
Despite our attempt to select equal numbers of ponds from the four size classes for each surficial geologic type, ponds on glacial fluvial material were statistically larger than ponds on other deposits. Many of the largest seasonal ponds in the watershed were located on glacial fluvial deposits, and large ponds for which we could obtain access were relatively rare in the other geologic categories. There was initial concern that pond size might represent a confounding variable when testing for a relationship between geologic type and hydroperiod, but the hydroperiods of ponds occurring on glacial fluvial deposits were not significantly different from those in any other category, nor was hydroperiod significantly correlated with whether or not a pond was located on glacial fluvial deposits. It is unclear whether these results would have held if pond size could have been completely controlled.
Performance of the multivariate hydroperiod estimation model
The selected multivariate regression model accounted for 59% of the observed variation in the 2-year mean hydroperiod (Table 4) . On average, the model produced estimated hydroperiods that differed from actual hydroperiods by only 3.3 weeks. Although a higher R 2 value is desirable, this is the highest value reported to date. The only other study to examine correlates of hydroperiod in southern New England seasonal ponds (Brooks and Hayashi 2002) accounted for only 20-34% of the variation, using pond size, pond depth, and pond volume values individually.
The variables included in the best multivariate model all are relatively simple to measure. The type of surficial geologic deposit can be assessed from published maps or soil surveys, and the texture of soil parent material can be accurately estimated in the field. Open basin depth can be assessed with a depth gauge when ponds are full or basic survey equipment when dry. Measurement of canopy cover requires only the establishment of two or more transects and observations of canopy presence or absence at regular intervals. Specific conductance of surface water can be measured in the field or in the laboratory, as long as surface water is present. Given access to the proper equipment and minimal training, a field technician could assess most parameters during a single field visit at any time of year. The best multivariate model was unable to explain 40% of the variation in mean hydroperiod values among ponds. Field observations suggested that three factors in particular might have been responsible for much of the unexplained variation: geomorphic setting, type and duration of hydrologic inputs and outputs, and pond origin (i.e., natural vs. excavated). Despite our attempts to reduce variation through a stratified random sampling design, the geologic and hydrologic characteristics of the 65 ponds were exceedingly diverse. While some ponds were situated well within a single surficial geologic type, others were located at, or very near, the boundary between two types. On several occasions, site visits indicated that the geologic material beneath a pond differed from that which surrounded it. Thus, the geologic properties of ponds from a single geologic class were far from uniform. In addition, our results suggest that variation in pond hydroperiod may be easier to explain in some geologic settings (e.g., glacial fluvial) than in others.
We believe that wide variation in type and duration of hydrologic inputs and outputs among wetlands -even within the same surficial geologic type -also impaired performance of our hydroperiod estimation model. For example, some ponds received intermittent stream flow while others had none. We observed that some ponds were fed by groundwater seepage (i.e., springs), while others appeared to be supplied primarily by precipitation and surface runoff. Pond catchment size and the slope of surrounding uplands varied widely as well; presumably these factors influenced the relative amount of runoff entering a pond during a given rain event. In addition, although most ponds occurred in confined basins, a few had seasonal outlets, which limited maximum pond depths.
Finally, pond origin may confound attempts to identify consistent relationships among pond size, depth, and hydroperiod. Most of our study sites appeared to be natural in origin (i.e., produced through processes related to glaciation or postglacial fluvial activity), but eight ponds showed some evidence of excavation (e.g., nearly vertical banks, adjacent spoil piles, or lack of any significant O horizons). Typically, these excavated basins were small, but deeper than natural basins of comparable surface area. More convincing arguments regarding sources of unexplained variation can only be constructed through quantitative analysis of these and other factors.
There is no way to know, based on only 2 years of data, whether the mean hydroperiod calculated for ponds in this study provides an accurate estimate of the long-term average hydroperiod at these sites. Dramatic shifts in hydroperiod were evident in some of our ponds due to major differences in the distribution and amount of precipitation between the 2 years, a phenomenon also observed in nearby Massachusetts (Brooks 2004) . The fact that A. maculatum egg masses were found in almost a third of the ponds that had unsuitable hydroperiods in both years suggests that, in some years, these ponds may hold water even longer than in 2001. Alternatively, these sites could be population sinks for dispersing juveniles (Skelly et al. 1999; Marsh and Trenham 2001) . A more important question may be whether mean hydroperiod itself is the best indicator of the suitability of a pond's hydroperiod. The percentage of years during which a pond's hydroperiod exceeds a critical threshold may be more ecologically relevant; for example, a pond which has a suitable hydroperiod 2 years out of 10 may be capable of sustaining a population of a long-lived species such as A. maculatum (Flageole and Leclair 1992) , but incapable of supporting the relatively shortlived R. sylvatica (Berven 1990; Semlitsch et al. 1996) . Unfortunately, such calculations would require longer-term hydrologic monitoring.
Because potential study ponds were identified through interpretation of 1:12,000-scale aerial photographs, it is likely that our sample was biased toward larger ponds; that may explain why the vast majority had sufficient hydroperiods to support R. sylvatica breeding in both years. The use of large-scale aerial photography is a valuable means of identifying potential seasonal ponds at the watershed scale (Stone 1992; Burne 2001; Calhoun et al. 2003) ; nevertheless, there are limitations to pond identification using this technique. Although some ponds as small as 0.004 ha, or 7.1 m in diameter, were identified through this procedure, the use of 1:12,000-scale photographs is generally unreliable in detecting ponds smaller than 18 m in diameter (Burne 2001) . A Maine study (Calhoun et al. 2003) found that interpretation of 1:4800-scale aerial photographs produced three times as many ponds as 1:12,000-scale photographs. Another potential problem is that this method is limited in its ability to detect ponds beneath a coniferous tree canopy (Stone 1992; Calhoun et al. 2003) . Seasonal ponds were likely underreported in the 2700 ha (5%) of coniferous and 5800 ha (11%) of mixed coniferous-deciduous forest within the study area. The limitations of the inventory method also undoubtedly influenced the size and hydroperiod of ponds selected for this study. Extrapolation of the current findings to smaller sites should be done with caution.
Assessing hydroperiod suitability for breeding amphibians
Although the multivariate model explained only 59% of the variation in mean hydroperiod, it still permitted accurate assessment of hydroperiod suitability for the target amphibian species in the great majority of cases (Table 5 ). The 95.4% success rate in classifying pond suitability for R. sylvatica breeding was somewhat inflated because the overwhelming majority of ponds had suitable mean hydroperiods, but the 75.4% success rate for A. maculatum also was a marked improvement over chance alone. The fact that hydroperiod suitability could be assessed almost as accurately using open basin depth alone suggests that landscape-scale assessments of pond-breeding amphibian habitat may be accomplished with minimal effort.
In evaluating the utility of these models, the chief criterion was the methods' ability to correctly categorize ponds as capable, or not capable, of supporting at least 50% emigration of R. sylvatica or A. maculatum metamorphs based on data obtained by Paton and Crouch (2002) . This criterion was selected to ensure that a significant number of metamorphs would leave the ponds in most years and sustain the local population. The values of 17 weeks for R. sylvatica and 24 weeks for A. maculatum represent useful averages, but resource managers might choose to shorten these critical values, thus allowing identification of ponds that might serve as successful breeding sites only in wetter than average years.
Although a critical precondition, suitable hydroperiod is not the sole determinant of amphibian reproductive success. Hydroperiod must be viewed as one of a series of within-pond and landscape factors that are critical to amphibian conservation and management. Some of the other key factors include vegetation composition and structure within the pond (Seale 1982; Formanowicz and Bobka 1989; Skelly et al. 2002; Werner and Glennemeir 1999; Egan and Paton 2004) ; the presence of fish and other predators (Hecnar and M'Closkey 1997) ; pond water quality (Trombulak and Frissell 2000) ; the integrity of the surrounding, terrestrial habitat (deMaynadier and Hunter 1998; Semlitsch 2002) ; and the degree of habitat fragmentation and isolation (Dodd and Cade 1998; Lehtinen et al. 1999; Egan 2001) .
Conservation implications
This study suggests that it is possible to estimate the hydroperiods of seasonal ponds -and thereby evaluate their suitability as breeding habitat for individual amphibian species -without prolonged and costly hydrologic monitoring. The models presented here reflect conditions in southern Rhode Island, but the general approach should be applicable in other regions. The ability to rapidly assess the potential hydroperiod suitability of seasonal ponds, especially at the watershed scale, would greatly assist federal, state, and local regulatory and resource management agencies in identifying and protecting significant amphibian breeding habitat and in implementing more effective management strategies. Areas with a high density of ponds representing a variety of hydroperiods might be targeted for special protection because they could provide adequate breeding habitat in at least some ponds regardless of annual precipitation levels (Semlitsch 2000a) . Large-scale surveys in the Northeast have found that seasonal ponds commonly occur in clusters (Stone 1992; Gibbs 1993; Brooks et al. 1998; Calhoun et al. 2003) . Future research should focus on methods to identify areas of the landscape that support clusters of ponds with a variety of hydroperiods. Conservation organizations, land trusts, and municipal governments could use such information to identify tracts of land for open space acquisition and to develop effective resource protection plans, land use ordinances, and best development practices (Calhoun and Klemens 2002) .
